The orbitofrontal cortex plays an important role in the ability of animals to adjust their behavior in response to behavioral outcomes. Multiple studies have demonstrated that responses of orbitofrontal neurons during operant sessions reflect the outcome of particular behaviors. These studies have focused on rapid neural responses to short-duration events such as instrumental behavior and rewardassociated discrete cues. We hypothesize that longer-lasting changes in firing are also important for information processing in the orbitofrontal cortex. In the present study, we recorded the activity of 115 single orbitofrontal neurons during a multiphase operant task in which the relationship between a lever-press response and a sucrose reward was varied between the different phases. Approximately one-half of the orbitofrontal neurons exhibited a change in background firing during the operant phases. These changes were observable across multiple behavioral and stimulus events and thus reflected a general shift in background firing. The majority of changes were selective for one or the other of the operant phases. Selective changes contributed to unique patterns of phasic firing time locked to cues and operant behavior in the two operant phases. These findings are consistent with the interpretation that changes in background firing of orbitofrontal neurons reflect operant session characteristics associated with behavioral outcome, and indicate further that changes in background firing contribute to the outcome selectivity of phasic firing patterns. More generally, we propose that the background firing rates of orbitofrontal neurons reflect contextual information, and facilitate context-appropriate event-related information processing and behavioral responses.
Introduction
The orbitofrontal cortex (OFC) plays an important role in the ability of animals to adjust their behavior according to changes in behavioral outcome and thus to maximize reward and minimize harm in a dynamic environment (Schoenbaum et al., 2002 (Schoenbaum et al., , 2003 Chudasama and Robbins, 2003; Schiller and Weiner, 2004; Pickens et al., 2005; Schoenbaum and Roesch, 2005; Boulougouris et al., 2007; Eagle et al., 2008; Pais-Vieira et al., 2007; Tait and Brown, 2007) . Individual neurons in the rat OFC exhibit shortduration phasic responses time locked to operant session events such as instrumental behavior and reward-associated discrete cues. These phasic responses are characterized by the difference between "background" firing during a period before an event and "signal" firing during a period that includes the event. Phasic response magnitude varies with changes in the outcome associated with the signal period event. Outcome-selective phasic responses are thus hypothesized to be critical to the role of the OFC in facilitating flexible, outcome-directed behavior (Schoenbaum et al., 1999; Roesch and Olson, 2005; Gutierrez et al., 2006; Roesch et al., 2006 Roesch et al., , 2007 Stalnaker et al., 2006; van Duuren et al., 2007) . Although previous electrophysiological studies of the OFC have focused on short-duration phasic responses, we hypothesize that longer-lasting changes in OFC firing are also involved in processing outcome-related information.
We recently reported that individual neurons in the nucleus accumbens exhibit significantly different background firing rates during different phases of a sucrose self-administration session (Kravitz et al., 2006) . In the present experiment, we tested the hypothesis that changes in background firing can mediate certain types of information processing in the OFC (Peoples et al., 2004; Kravitz et al., 2006) . Specifically, we predicted that changes in background firing would (1) be exhibited by OFC neurons during operant behavior, (2) vary with changes in operant behavioral outcome, and (3) contribute to phasic response variations associated with changes in operant response outcome.
To test these predictions, we recorded the activity of 115 single OFC neurons during a multiphase operant task in which the relationship between a lever-press response and a sucrose reward was varied between the different phases. The results of this study supported all three of our predictions. The findings reported here are thus consistent with the interpretation that changes in background firing of OFC neurons are associated with factors that vary with the behavioral outcome, and further that OFC background firing changes contribute to the outcome selectivity of phasic firing patterns. In conjunction with previous studies, our findings offer a novel view of information processing in reward-related brain structures: the background firing rates of individual neurons reflect specific long-lasting characteristics of the context and also modulate phasic neural responses time-locked to reward-associated cues and behavior. This may contribute to contextdependent information processing and behavior (Kravitz et al., 2006) .
Materials and Methods

Subjects
Subjects were seven male Long-Evans rats. All animal care procedures and protocols were in accordance with the Guide for the Care and Use of Laboratory Animals published by the United States Public Health Service; procedures were also approved by the Institutional Animal Care and Use Committee of the University of Pennsylvania.
Surgery and postoperative maintenance
Animals were anesthetized with ketamine (30 mg/kg, i.p.) and xylazine (5 mg/kg, i.p.) before being placed in a stereotaxic apparatus. Anesthesia was maintained with isoflurane through a nose cone during surgery. One array of 16 Teflon-coated stainless-steel microwires was implanted unilaterally in the right OFC [anteroposterior, ϩ2.2 to ϩ3.7 mm; mediolateral, Ϯ1.5 to Ϯ4.5 mm; and dorsoventral, Ϫ5 mm (Paxinos and Watson, 1996) ]. A stainless-steel ground wire was also implanted under the skull. Rats weighed between 355 and 410 g before surgery and were maintained with food restriction at between 350 and 375 g (ϳ85-90% of free-feeding weight) after surgery. Rats had ad libitum access to water.
Apparatus
All behavioral procedures were conducted in operant chambers purchased from Med Associates (St. Albans, VT). The chamber walls and floors were acrylic. Each chamber was equipped with a retractable lever, a signal light above the lever, a tone generator, a syringe pump for sucrose delivery, a drinking trough, and a house light (Med Associates). The chambers were enclosed inside sound-attenuating and ventilated cubicles.
Behavioral procedures during training sessions
Each training session consisted of three operant phases and three baseline periods ( Fig. 1) , presented in the following order: (1) a 30 min baseline period; (2) a 30 min operant phase in which lever-press responding was reinforced on a fixed-ratio 1 (FR1) schedule of primary sucrose reinforcement (referred to as the first sucrose reward phase); (3) a 60 min baseline period; (4) a 10 min operant phase in which lever presses were reinforced on an FR1 schedule of conditioned reinforcement (referred to as the conditioned reward phase); (5) a 30 min operant phase in which lever-press responding was again reinforced on an FR1 schedule of primary reinforcement (referred to as the second sucrose reward phase); and (6) a 30 min baseline period at the end of the experiment. The start of each operant phase was signaled by the illumination of a white house light and the insertion of a response lever. During the two sucrose reward phases, each reinforced lever press was followed immediately by delivery of sucrose to a drinking trough (0.2 ml of 32% sucrose delivered over 10 s), and a conditioned reinforcer consisting of the following: (1) a 10 s tone, (2) a 10 s illumination of a light above the lever, and (3) retraction of the lever. The response lever was reinserted 60 s after the lever-press response (period of lever retraction referred to as timeout). The conditioned reward phase was identical to the sucrose reward phase in all respects except that the sucrose delivery was omitted. During each baseline phase, the house light was turned off and the response lever was retracted from the chamber.
During training, the number of trials in the conditioned reward phase was progressively incremented until the animal could reliably complete 10 presses during the conditioned reward phase. Animals were trained for a minimum of 9 d (average ϭ 10.8 d) before the recording session.
Behavioral procedures during recording sessions
The session events during the recording sessions were identical to those of a daily training session except that additional probe and baseline phases were added to the end of the session. After the third baseline period, animals were exposed to three additional phases: (1) a 10 min "house light probe" period during which the chamber house light was illuminated, (2) a 30 min baseline period, and (3) a 30 min "sucroseprobe" period in which a Petri dish containing 40 ml of 32% sucrose was placed into the chamber, so the animal could drink sucrose ad libitum. During the sucrose probe period, animals typically spent the first 10 min continuously drinking.
Identification of start and end of drinking during the sucrose reward operant phases
The start and the end of drinking during each trial in the first sucrose reward phase were identified to define "timeout" and "drinking" periods. The start of drinking was defined as the first infrared beam break after each lever-press response. The end of drinking was defined as the first beam exit that was followed by a period of at least 5 s without another beam break.
Chronic extracellular recording procedures
Voltage signals from each microwire were recorded, amplified (up to 32,000ϫ), processed, and digitally captured using commercial hardware and software (Plexon, Dallas, TX). Single units were discriminated offline with principal component analysis (Offline Sorter, Plexon). The quality of the recordings was ensured with the following criteria: (1) Ͻ3% of all interspike intervals exhibited by the unit were shorter than 1000 s, and (2) the average amplitude of the unit waveform was at least three times larger than that of the noise band.
Analyses of neural firing
All statistical analyses were performed in Excel (Microsoft, Redmond, WA) and Matlab (The MathWorks, Natick, MA). All mean results are presented as mean Ϯ SEM. For all analyses that used normalized values, firing rates were normalized with (A Ϫ B)/ (A ϩ B) , where A and B represent firing in the two periods that were compared. This normalization was used to compare firing changes in neurons with different overall firing rates, as well as to normalize the data for parametric statistics.
Firing patterns
Long-lasting changes in average firing rate. We tested each neuron for a long-lasting change in average firing rate during each operant phase relative to the preceding baseline phase. Firing rates were calculated in 30 s bins for the entire experiment, and statistical comparisons were performed using a Mann-Whitney test (␣ ϭ 0.01). Additionally, for each 30 s bin during each phase, we determined whether firing rate was higher or lower than for the preceding baseline. Only neurons that exhibited a significant change, as well as Ͼ90% of the bins above (for increases) or below (for decreases) the average firing rate of the baseline, were defined as showing long-lasting changes in average firing rate.
Changes in background firing rate. We performed additional analyses to test the stability of firing rate changes across multiple behavioral events during the session. We calculated the average firing rate of all recorded neurons in the following behavioral periods: press (1-0 s before the press), cue (0 -10 s after the press), drinking (10 -25 s after the press), and timeout (40 -55 s after the press). During the drinking period, the rat spent the entire time at the drinking trough, with no locomotion; during the timeout period, the rat exhibited high levels of locomotion and no drinking. Neurons that exhibited both a significant change in average firing rate during the operant phase and a Ͼ20% change in firing rate during both the drinking and timeout periods (relative to the preceding baseline period) were defined as exhibiting a change in background firing. We tested whether these groups of neurons exhibited significantly different firing in all four behavioral periods (press, cue, drinking, and timeout). We analyzed the normalized data with repeated-measures ANOVA, using individual paired t tests for post hoc comparisons.
Long-lasting changes in average firing rate during the probe phases. We tested each neuron for a long-lasting change in average firing rate during the drinking and the house light probe phases at the end of the session. Firing rates were calculated in 10 s bins for the first 10 min of each probe phase and for the 10 min of baseline that preceded each probe phase. Firing during the probe and its preceding baseline were compared using a Mann-Whitney test (␣ ϭ 0.01). Additionally, for each 10 s bin during each phase, we determined whether firing was higher or lower than for presession baseline. Only neurons that exhibited both a significant change and had Ͼ90% of the bins above (for increases) or below (for decreases) the average firing rate of the first baseline phase were defined as having undergone long-lasting changes in average firing rate during the probe phase.
Phasic changes in firing time locked to the lever-press operant. We tested each neuron for phasic changes in firing time locked to the lever-press response in each phase. The first 10 trials of each phase were used for this analysis, because the conditioned reward phase included only 10 trials. Firing rates were calculated on a trial-by-trial basis during a 1 s period of background firing (6 -5 s before the press), and a 1 s period of signal firing before or after the conclusion of the press. The 1 s period before the press included the approach to the lever and the lever press itself. The 1 s period after the press included the onset of the conditioned cues and locomotion toward the drinking trough. The firing rates during the background and signal periods were compared with Wilcoxon matched pairs tests (␣ ϭ 0.01). Significant changes in the prepress period were referred to as phasic lever-press responses, and significant changes in the postpress period were referred to as phasic cue responses.
Changes in phasic responses between the conditioned reward phase and the second sucrose reward phase. Phasic response amplitude differences between the conditioned reward phase and the second sucrose reward phase were calculated as the difference in normalized amplitude in each phase. The background and signal windows used to calculate phasic response magnitudes were the same as those used to identify lever-press and cue responses as described above. Differences in signal and background firing rates were calculated as the normalized difference in firing between these windows in each phase. Changes in lever-press and cue responses were analyzed separately and then combined for the regression analysis presented in Figure 10 . In this analysis, there were eight neurons that exhibited both a cue response and a press response. The phasic responses of these neurons were calculated as the averages of their press and cue responses so that each neuron contributed only one data point to the regression. Similar results were obtained when the analysis was repeated independently for the press responses and cue responses.
Histology
Rats were injected with a lethal dose of ketamine solution (200 mg/kg, i.p.) and xylazine (30 mg/kg, i.p.). Anodal current (50 A for 5 s) was passed through each microwire. Animals were perfused with ϳ300 ml of 4% paraformaldehyde in 0.9% saline and ϳ50 ml of a solution of 5% potassium ferricyanide and 10% hydrochloric acid to stain the iron deposits left by the recording tips. The brains were cut into 50 m coronal sections, which were mounted on slides. Each slide was photographed, and the location of each wire tip was plotted on the coronal plate that most closely corresponded to its anterior-posterior position. Neurons recorded from wires that were not within the boundaries of the OFC were excluded from this experiment.
Results
Behavior
Operant behavior was contrasted across the conditioned reward operant phase and the two sucrose reward phases ( Fig. 1 ) of the session. Lever-press behavior was similar across all three operant phases of the recording session. Average response rates during the first and second sucrose reward phases equaled 0.98 Ϯ 0.01 and 0.98 Ϯ 0.01 press/min, respectively. During the intervening conditioned reward phase, average response rate was 0.92 Ϯ 0.03 presses/min. These rates were not significantly different (ANOVA: F (2,18) ϭ 3.2, p Ͼ 0.05) and approximated the maximal possible rate of 1 press/min.
Neuron sample
One hundred fifteen OFC neurons were recorded in this experiment. The average amplitude of recorded neurons equaled 184.6 Ϯ 7.6 V. The average number of neurons recorded per rat was 16.4 Ϯ 3.8. Histology is shown in Figure 2 . There were no observed differences between groups of neurons recorded from the medial or lateral OFC for any of the main analyses (data not shown).
Prediction 1: long-lasting changes in background firing rate are exhibited by OFC neurons Long-lasting changes in average firing during the first sucrose reward phase We observed long-lasting changes in average firing during the first sucrose reward phase (Fig. 3) . Across the population, 20 (17.4%) neurons exhibited an increase in firing and 15 (13.0%) exhibited a decrease in firing.
Long-lasting changes in average firing are observable across multiple behavioral events
The changes in average firing could have reflected either (1) a change in firing during one particular behavioral event during the session or (2) a more general change in firing (i.e., a change in background firing) that is observable across multiple behavioral events. We found the latter to be the case. Each trial of the first sucrose reward phase included the following four behavioral periods: (1) the lever press, (2) a postpress cue period, (3) a drinking period, and (4) a timeout period. The drinking period (10 -25 s after the press) was characterized by sustained drinking. Conversely, the timeout period (40 -55 s after the press) was characterized by high levels of locomotion and no drinking. Average firing rates during these periods were not necessarily equal (Fig. 4 A) . Nevertheless, 18 (90%) of the neurons that exhibited an increase in average firing also exhibited increased firing rates during both the timeout and the drinking periods relative to the presession baseline period (Fig. 4 B) . Similarly, 12 (80%) of the neurons that exhibited a decrease in average firing also exhibited decreased firing during both of these periods relative to the presession baseline (Fig. 4 A) . Neurons that exhibited a change in average firing as well as a consistent change in the timeout and drinking periods relative to baseline are henceforth referred to as neurons that exhibited "changes in background firing."
Group mean analyses of neurons that exhibited changes in background firing showed that these neurons exhibited a consistent shift in average firing during all behavioral periods of the operant phases relative to their firing during the presession baseline. We applied a onefactor (behavioral period: baseline, press, cue, drinking, and timeout) repeated-measures ANOVA to analyze the normalized firing rates of the 18 neurons that exhibited an increase in background firing. There was a significant effect of behavioral period on firing rate (Fig. 5) (F (4,14) ϭ 12.3, p Ͻ 0.001). Post hoc tests (paired t tests) showed that firing during each of the four periods was significantly elevated relative to baseline ( p Ͻ 0.025). We performed the same analysis on the 12 neurons that exhibited a decrease in background firing rate. Again, there was a significant effect of behavioral period on firing rate (Fig. 5) (F (4,8) ϭ 11.1, p Ͻ 0.005). Post hoc tests (paired t tests) showed that firing during each of the four periods was significantly decreased, relative to baseline ( p Ͻ 0.005). Based on these findings it can be concluded that changes in average firing rate during the session were not attributable to any specific behavioral event, but rather reflected a more general background firing change that was observable across multiple behavioral events during the session.
Prediction 2: long-lasting changes in background firing rate reflect specific characteristics of the operant session Long-lasting changes in firing were dissimilar between dissimilar operant phases Changes in background firing similar to those observed during the first sucrose reward phase were also observed during the conditioned reward and second sucrose reward phases. During the conditioned reward phase, 20 neurons (17%) showed an increase in background firing and 7 neurons (6%) showed a decrease. During the sucrose reward phase, 18 (16%) and 12 (10%) neurons showed an increase and decrease in firing, respectively. The prevalence of increases and decreases in background firing did not differ significantly across the three operant phases ( 2 (2) ϭ 1.6, p ϭ 0.44). Overall, 53 (46%) of the recorded neurons exhibited a change in background firing during at least one phase of the experiment. Based on the responses during the conditioned phase and the second sucrose reward phase, neurons were classified into three response types: neurons that exhibited a change in background firing solely during the sucrose reward phase, neurons that exhibited a change in background firing solely during the conditioned reward phase, and neurons that exhibited a change in background firing during both of these phases (Fig. 6) . Twenty-six (23%) neurons exhibited an increase in background firing selectively during either the sucrose reward phase or the conditioned reward phase, whereas only 6 (5%) neurons exhib- ited an increase in both phases (z test, z ϭ 3.8, p Ͻ 0.001). Similarly, 15 (13%) neurons exhibited a decrease in background firing selectively during either the sucrose reward phase or the conditioned reward phase, whereas only 2 (2%) neurons exhibited a decrease in both phases (z test, z ϭ 3.3, p Ͻ 0.001). These findings show that the majority of the changes in background firing were selective for one or the other of the operant phases.
Long-lasting changes in firing were similar between similar operant phases Seventy-three percent of the neurons that exhibited a change in background firing in the second sucrose reward phase exhibited a directionally consistent change in the first sucrose reward phase. In contrast, only 35% of these same neurons exhibited a directionally consistent change in the conditioned reward phase (z ϭ 2.8, p Ͻ 0.01). Consistent with this finding, there was a stronger correlation between the changes in firing rate of all recorded neurons during the two sucrose reward phases (Fig. 7A ) than between the changes during the first sucrose reward phase and the conditioned reward phase (Fig. 7B) (ANCOVA: F (1,226) Ͼ 7.0, p Ͻ 0.01). These analyses support the conclusion that changes in background firing were stable across repetitions of the same type of phase (first and second sucrose reward phases).
Correlates of changes in background firing
As described above, changes in background firing were apparent across different behavioral periods (e.g., timeout, press period, cue period, and drinking period), which involved different stimuli and behavioral events. The changes in background firing thus did not reflect an effect of short-duration neural responses on average firing. We considered various factors unique or common to the two types of operant phases that could have contributed to changes in background firing. These are discussed separately for the neurons that showed phase-selective and nonselective changes in background firing.
Selective changes in firing during either the sucrose reward phase or the conditioned reward phase. The changes in background firing that were selective either for the sucrose reward phase or for the conditioned reward phase would be expected to vary with factors unique to each phase. Variables that differentiated the two phases included operant behavioral outcome and exposure to the primary sucrose reward. Specifically, operant behavior was followed only by conditioned cues during the conditioned reward phase but was followed by both conditioned cues and primary reward during the sucrose reward phases. To test for a possible relationship between background firing change and contact with the primary reward, we exposed animals to an additional probe phase after the last operant phase. During the probe phase, animals had ad libitum access to sucrose in the absence of the lever and other cues associated with the operant phases. Thirty-two percent of the neurons that exhibited a selective change in background firing during the sucrose reward phase also showed a similar change in average firing when the animal engaged in a sustained period of sucrose consumption.
The findings of the sucrose probe phase indicate that approximately one-third of the changes in background firing selective for the sucrose reward phase were potentially associated with exposure to the primary reward. Based on this association, the long-lasting change in firing during the sucrose reward phase could have reflected a number of factors. First, the changes in firing during the sucrose reward phase could have reflected a neural response to drinking per se. By definition, however, it could not be the case that all of the background firing change was attributable to drinking alone. Second, the changes in background firing during the sucrose reward phase could have re- Figure 4 . Examples of changes in background firing rate. A, Three examples of neurons that exhibited decreases in background firing rate during the operant phase. These plots show perievent histograms of the 30 trials in the first sucrose reward phase from the completion of the lever-press response (time ϭ 0 s) to the reentry of the lever (time ϭ 60 s). The drinking period (10 -25 s after the press) and the timeout period (40 -55 s after the press) are represented by vertical background bars. Horizontal lines represent the average firing rate of each neuron during the baseline period preceding the operant phase. B, Three examples of neurons that exhibited increases in background firing rate during the operant phase, with plot parameters identical to those in A.
flected the co-occurrence of exposure to primary reward and either the operant response or a conditioned stimulus. However, this is unlikely, because the sucrose probe occurred outside the operant task and in the absence of conditioned cues typically associated with the availability and delivery of sucrose reward. A third possibility is that the neural responses during the sucrose probe, and changes in background firing by the same neurons during the sucrose reward phase, could have reflected a response to the incentive value of the sucrose reward. This latter possibility is consistent with the characteristics of OFC neuronal phasic responses to primary reward (Tremblay and Schultz, 1999) .
The findings of the sucrose probe phase indicate that the majority of phase-selective changes in background firing reflect something other than factors associated with exposure to the primary reward. An alternative factor that differentiated the conditioned reward and sucrose reward phases was the outcome of the operant response. Thus, it is possible that the phase selectivity of the long-lasting changes in background firing reflected a between-phase difference in the expected outcome of the operant. A relationship between background firing and outcome expectancy (i.e., expected consequence of a particular act) (Schoenbaum and Roesch, 2005) would be consistent with observed characteristics of phasic OFC firing patterns (see Discussion).
Nonselective changes in background firing during the sucrose reward phase and the conditioned reward phase. Nonselective changes in background firing were expected to reflect shared characteristics of the conditioned reward phase and the sucrose reward phase. Variables common to these phases included reward-directed behavior and reward-associated conditioned stimuli. Although short-duration neural responses to those events cannot wholly explain the changes in background firing, it was possible that firing patterns were related to sustained states associated with the events.
We tested for a relationship between background firing change and one conditioned cue that was common to the conditioned reward and sucrose reward phases, the illumination of the house light. Animals were exposed to a probe phase at the end of the experiment. During the probe phase, the house light was illuminated for 10 min in the absence of the lever, sucrose, or any other cues associated with the operant phase. Thirty-eight percent of the neurons that exhibited a sustained change in background firing across the conditioned reward phase and the sucrose reward phase also showed a similar change when animals were exposed to the house light alone. This indicates that some of the nonselective changes we observed in background firing may have reflected either the sensory or associative characteristics of the house light cue. However, the majority of the phase nonselective changes in background firing were not related to the house light cue.
Prediction 3: long-lasting changes in background firing rate influence the magnitude of event-related responses
Lever-press responses in the conditioned reward phase and the second sucrose reward phase Forty-two neurons exhibited a phasic response to either or both the lever-press response and the onset of the cue period (Table 1) . Thirty-four (81%) of these 42 neurons exhibited a Ͼ20% change in phasic response amplitude between the conditioned reward phase and the sucrose reward phase.
For 13 (38%) of these 34 neurons, the phasic response decreased in amplitude between the conditioned reward and sucrose reward phases (mean magnitude of decrease ϭ 93 Ϯ 9%). Consistent with this decrease, the phasic response was statistically significant for all 13 of these neurons during the conditioned reward phase but for only 4 of the 13 neurons during the sucrose reward phase. An example of a neuron that exhibited a phasic decrease that was weakened (i.e., amplitude decreased) in the sucrose reward phase is presented in Figure 8 A.
For 21 (62%) of the 34 neurons, the phasic response increased in amplitude between the conditioned reward and sucrose reward phases (mean magnitude of increase ϭ 152 Ϯ 12%). Consistent with this increase, the phasic response was statistically significant for 8 of these neurons during the conditioned reward phase, but for all 21 during the sucrose reward phase. An example of a neuron that exhibited a phasic increase that was strengthened (i.e., increased in amplitude) during the sucrose reward phase relative to the conditioned reward phase is shown in Figure 8 B.
Despite the changes in the phasic response of individual neurons, there were no significant differences in the overall prevalence or magnitude of phasic responses between the conditioned reward and sucrose reward phases. Additionally, there were no between-phase differences in the prevalence and average amplitude of either phasic increases or phasic decreases. These analyses indicate that the overall prevalence and magnitude of phasic responses between the two phases were similar, but that different groups of neurons exhibited phasic responses in each phase.
The contribution of signal and background firing to changes in the amplitude of phasic responses between the two phases
To understand the relative contributions of signal and background firing to the between-phase changes in phasic response amplitudes, we calculated the magnitude of the change between the two phases in the 34 neurons that exhibited a Ͼ20% change in phasic response amplitude between the two phases. Twenty-two of these neurons exhibited phasic increases, whereas 12 exhibited phasic decreases. For the 22 neurons that exhibited phasic increases, changes in phasic response magnitude were positively correlated with changes in signal firing and were negatively correlated with changes in background firing between the phases (Fig. 9A) . For the 12 neurons that exhibited phasic decreases, phasic response magnitude changes were negatively correlated with changes in signal firing and were positively correlated with changes in background firing between the phases (Fig. 9B ). In addition, we found that the changes in signal and background firing of individual neurons were inversely correlated for the 34 neurons that exhibited a Ͼ20% change in phasic amplitude between the phases (Fig. 10) . In other words, neurons that exhibited increases in signal firing most often exhibited decreases in background firing, and vice versa. This inverse relationship is associated with changes that increase, as well as changes that decrease, the amplitude of phasic responses. For example, in Figure 8 B, the phasic increase gets stronger because of both an increase in signal and a decrease in background (as for neurons represented in the top left quadrant of Fig. 10) . If instead the signal had decreased and the background had increased (as in the bottom right quadrant of Fig. 10 ), the amplitude of the phasic response would have been weakened.
Discussion
We present three major findings: (1) OFC neurons exhibit changes in background firing rate during periods of operant behavior; (2) these changes vary with changes in the outcome of the operant and other specific characteristics of the operant task; and (3) changes in background firing contribute to variations in phasic responses that occur with changes in the outcome of operant behavior. Figure 8 . Two example neurons representing phasic firing rate changes. A, Firing rate decrease from one neuron presented for the conditioned reward phase (left) and the sucrose reward phase (right). Lever-press response occurred at time ϭ 0. Firing rate in hertz is plotted as a function of time in 0.5 s intervals from Ϫ20 to ϩ20 s before and after the lever press. Horizontal lines mark the average background firing rate during the conditioned reward phase. B, Firing rate increase from one neuron. All plot parameters are as in A. Prevalence of phasic responses were determined separately for press and cue responses. Some neurons exhibited both a press and a cue response and were included in both groups.
OFC neurons exhibit long-lasting changes in background firing
Approximately one-half (46%) of the recorded OFC neurons exhibited changes in background firing during at least one operant phase of the experiment. These changes were not attributable to any one particular behavior, but instead reflected a general change in firing rate across multiple behavioral events. Similar long-lasting changes in firing rate have now been observed in two reward-related structures (accumbens and OFC), raising the possibility that such changes may occur throughout reward-related brain circuitry (Kravitz et al., 2006) . Hosokawa et al., 2007; Simmons and Richmond, 2008; van Duuren et al., 2007) . The background firing changes observed in the present study exhibited a number of characteristics consistent with those of phasic OFC firing patterns. For example, subsets of neurons showed changes in background firing that were associated with particular aspects of the operant session, including the primary sucrose reward and the reward-associated house light cue. More importantly, the majority (84%) of the changes in background firing were selective for operant phases that were highly similar except for the outcome of the operant response. Although the exact correlates of these changes have not been conclusively identified, our findings are consistent with the interpretation that changes in background firing might reflect some of the same factors that influence phasic OFC firing patterns.
Long-lasting changes in background firing influence phasic responses
The difference in background firing between the conditioned reward phase and the sucrose reward phase was associated with changes in the magnitude of phasic lever-press responses between the phases. It has been reported previously that variations in the outcome of events can alter the magnitude of phasic responses to those events (Schoenbaum et al., 1999 Schoenbaum and Roesch, 2005; Stalnaker et al., 2006; Hosokawa et al., 2007; Simmons and Richmond, 2008) . In the present experiment, we have demonstrated that changes in both background and signal contribute to these changes in phasic responses. The observation that background firing changes modulate phasic responses to discrete events is in agreement with observations of other researchers. In the visual cortex of an anesthetized cat, neuronal activity (measured optically with voltage-sensitive dye, concurrent local field potentials, and single-unit microelectrode recordings) exhibited spontaneous fluctuations in back- ground that explained most of the trial-to-trial variability in the magnitude of visually evoked neural responses (Arieli et al., 1996) . The authors of that study proposed that background activity "may provide the neuronal substrate for the dependence of sensory information processing on context and on behavioral and conscious states." A similar conclusion was reached based on event-related fluctuations in human blood oxygen leveldependent responses, where spontaneous fluctuations accounted for a significant fraction of trial-to-trial variability (Fox et al., 2006) . In addition, changes in both signal and background have been shown to contribute to satiety-related changes in single neuron responses in the primate OFC (Critchley and Rolls, 1996) . Finally, pharmacological manipulations that change the background activity of single neurons in the accumbens have been linked to changes in event-related neuronal responses (Rolls et al., 1984; Kiyatkin and Rebec, 1996; Cavanaugh, 2003, Peoples et al., 2007) . The present investigation is in agreement with these studies, but also demonstrates that background activity does more than modulate the magnitude of event-related phasic responses: it also reflects specific characteristics of the operant context. This could contribute to long-lasting, contextdependent regulation of neural responses to events.
Conclusion and implications
The present study provides new information regarding the neurophysiology of the OFC. Individual neurons in the OFC exhibit changes in background firing during periods of operant behavior. These changes reflect specific characteristics of operant tasks, perhaps including response outcomes and other factors that normally influence phasic OFC firing patterns. Additionally, in this study we observed that background firing changes contributed to outcome selectivity of phasic responses. Changes in signal and background firing tended to vary inversely such that certain phasic responses were enhanced and others were weakened. The present findings do not provide information about the mechanisms that might mediate the inverse relationship between changes in background and signal firing. However, this inverse relationship is reminiscent of that which appears to exist between tonic extracellular levels of certain neurochemicals and shortduration "phasic" changes in synaptic levels (Grace, 1991 (Grace, , 2000 Schultz, 2007) . It is possible that related mechanisms contribute to the relationship between changes in background and signal firing of OFC neurons. OFC phasic responses to events vary with changes in the outcome of those events and are thought to contribute to a normal ability of individuals to adjust their behavior in response to changes in outcome (Schoenbaum and Roesch, 2005) . Abnormalities in OFC phasic responses are further proposed to contribute to disorders such as drug addiction, where there is a diminished ability to adjust behavior in accordance with changes in behavioral outcome (Kalivas and Volkow, 2005; Stalnaker et al., 2006) . Changes in background firing, like phasic responses, may play a role in mediating normal and abnormal behavioral responses to changes in response-outcome relationships.
Speaking more generally, long-lasting changes in the firing of neurons in the OFC may contribute to context-appropriate information processing and behavior (Kravitz et al., 2006) in two ways: (1) by enhancing the ratio between signal and background firing of phasic responses that are most relevant to the context and (2) by minimizing the signal:background ratio of less relevant phasic responses. In addition to modulating phasic responses in a context-dependent manner, changes in background firing rate during operant sessions may also contribute to certain forms of context-dependent learning. The long-lasting changes in background firing rates of single neurons are similar to firing rates produced by sustained low-frequency stimulation parameters that have been used to induce certain forms of synaptic depression and potentiation (Dudek and Bear, 1992; Froc and Racine, 2005; Huang and Kandel, 2005; Wohrl et al., 2007) . Similar activity-dependent adaptations may occur in vivo as a result of sustained changes in background firing rate like those observed in this study. This in turn could modulate the phasic responses of individual neurons to future events, in a contextdependent manner.
